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Hinojosa-Laborde C, Shade RE, Muniz GW, Bauer C, Goei
KA, Pidcoke HF, Chung KK, Cap AP, Convertino VA. Validation
of lower body negative pressure as an experimental model of hemor-
rhage. J Appl Physiol 116: 406–415, 2014. First published December
19, 2013; doi:10.1152/japplphysiol.00640.2013.—Lower body nega-
tive pressure (LBNP), a model of hemorrhage (Hem), shifts blood to
the legs and elicits central hypovolemia. This study compared re-
sponses to LBNP and actual Hem in sedated baboons. Arterial
pressure, pulse pressure (PP), central venous pressure (CVP), heart
rate, stroke volume (SV), and �dP/dt were measured. Hem steps were
6.25%, 12.5%, 18.75%, and 25% of total estimated blood volume.
Shed blood was returned, and 4 wk after Hem, the same animals were
subjected to four LBNP levels which elicited equivalent changes in PP
and CVP observed during Hem. Blood gases, hematocrit (Hct),
hemoglobin (Hb), plasma renin activity (PRA), vasopressin (AVP),
epinephrine (EPI), and norepinephrine (NE) were measured at base-
line and maximum Hem or LBNP. LBNP levels matched with 6.25%,
12.5%, 18.75%, and 25% hemorrhage were �22 � 6, �41 � 7,
�54 � 10, and �71 � 7 mmHg, respectively (mean � SD).
Hemodynamic responses to Hem and LBNP were similar. SV de-
creased linearly such that 25% Hem and matching LBNP caused a
50% reduction in SV. Hem caused a decrease in Hct, Hb, and central
venous oxygen saturation (ScvO2). In contrast, LBNP increased Hct
and Hb, while ScvO2 remained unchanged. Hem caused greater
elevations in AVP and NE than LBNP, while PRA, EPI, and other
hematologic indexes did not differ between studies. These results
indicate that while LBNP does not elicit the same effect on blood cell
loss as Hem, LBNP mimics the integrative cardiovascular response to
Hem, and validates the use of LBNP as an experimental model of
central hypovolemia associated with Hem.

blood loss; central hypovolemia; stroke volume; blood pressure;
central venous pressure; cardiac output

HEMORRHAGE IS THE PRIMARY cause of death within the first hour
of injury in military and civilian trauma patients (5, 50). Early
detection of central hypovolemia in bleeding patients is critical
to early life saving intervention (15). Therefore it is important
to develop a valid model for understanding the physiology of
human hemorrhage especially during the early stages of hypo-
volemia. Lower body negative pressure (LBNP) has been used
in our laboratory as a highly reproducible experimental model
of hemorrhage to investigate the physiological responses to
hypovolemia (7). LBNP causes a reduction in pressure sur-
rounding the lower extremities. As pressure is progressively
lowered, blood volume shifts from the thoracic circulation to

the lower extremity circulation and creates a state of central
hypovolemia. Stepwise decreases in LBNP are applied to a
maximum of �100 mmHg or until the subject experiences
signs of presyncope. Correlations between LBNP and blood
loss volumes have been estimated by comparing hemodynamic
changes during LBNP and hemorrhage in two or more study
populations, but there are no direct measurements of actual
blood volume loss matched with multiple LBNP levels (12).

In addition to the hemodynamic effects, hemorrhage ad-
versely affects multiple body systems and can lead to neuroen-
docrine and metabolic derangements (53). Specifically, hypo-
volemia and hypoperfusion can activate the release of vasoac-
tive hormones to maintain perfusion of high-priority organs
like the heart and brain at the expense of perfusion to the gut,
skin and other “nonvital” end organs (12, 53). Increased
cardiac contractility, a compensatory mechanism that tempo-
rarily increases stroke volume, is also stimulated by hypovo-
lemia and the release of catecholamines (2). Fluid shifts can
produce electrolyte abnormalities and changes in osmolarity,
while hypoperfusion leading to global dysoxia can result in
elevated lactate levels (37). Although the LBNP procedure
qualitatively causes hemodynamic, neurohumoral, and meta-
bolic responses similar to hemorrhage (7, 12, 31, 57), a direct
comparison of these responses with multiple levels of actual
hemorrhage has not been reported.

Since results from LBNP experiments have provided new
insight into mechanisms underlying hemodynamic decompen-
sation during hemorrhage in humans (9, 45, 47), and subse-
quently information critical to the development of advanced
clinical decision support monitoring, we proposed a study to
determine the validity of LBNP as a model of hemorrhage. The
purpose of this study was to test the hypothesis that the
hemodynamic, neurohumoral, and metabolic responses associ-
ated with blood pressure regulation during specified levels of
LBNP are equivalent to multiple levels of blood loss using a
nonhuman primate model.

MATERIALS AND METHODS

Animals. Adult male baboons (n � 14) were housed in individual
cages in association with other baboons beginning 2 wk prior to
experiments and ending 1 wk after study termination. The baboons
were fed twice a day and given water ad libitum. Experiments were
started when the baboons were accustomed to laboratory conditions.
The protocol was submitted to and approved by the Institutional
Animal Care and Use Committee of the Texas Biomedical Research
Institute, San Antonio, TX. The study was conducted in compliance
with the Animal Welfare Act, the implementing Animal Welfare
Regulations, and the principles of the Guide for the Care and Use of
Laboratory Animals.

Address for reprint requests and other correspondence: C. Hinojosa-
Laborde, U.S. Army Institute of Surgical Research, 3698 Chambers Pass, Fort
Sam Houston, TX 78234 (e-mail: carmen.hinojosa-laborde.civ@mail.mil).
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Blood volume determination. Blood volume was determined in a
separate group of male baboons (n � 9) to prevent the need for an
additional surgery and sedation procedure in animals exposed to
hemorrhage and LBNP. Blood volume was calculated from the
measurements of plasma volume with Evans blue dye technique (51)
and hematocrit. Arterial blood samples were obtained before and 5
min after a bolus venous injection of Evans blue dye (Sigma) solution
(0.5% in sterile saline, 1 ml/kg). Blood samples were analyzed to
determine hematocrit by centrifugation, and plasma concentration of
Evans blue by spectrophotometer compared with a standard curve.

Surgical procedures. On the day of each experimental session
(hemorrhage or LBNP), the baboons were sedated with ketamine (10
mg/kg im). Sedation was maintained during the experiment with
ketamine (10 mg·kg�1·h�1 iv) and valium (0.1 mg·kg�1·h�1 iv). The
animals were intubated to maintain an open airway and allowed to
breathe spontaneously during the experiments. For the hemorrhage
and LBNP experiments, two vascular catheters were inserted using
aseptic technique via small skin incisions to visualize the vessels.
Arterial pressure and pulse pressure were measured via a pressure
transducer attached to a Millar solid-state catheter inserted in the
axillary artery. Central venous pressure (CVP) was measured via a
pressure transducer attached to a fluid-filled catheter inserted in the
axillary vein and advanced into the vena cava until the tip of the
catheter was located proximal to the right atrium. Catheter tip place-
ment was confirmed by assessing venous pressure waveforms for
characteristics consistent with CVP. For hemorrhage experiments
only, two additional catheters were inserted in the femoral artery and
vein for blood removal and replacement, respectively. After catheter
placement, ECG leads were attached to monitor heart rate. At the
completion of the hemorrhage and LBNP experiments, the catheters
were removed and the skin incisions at the catheter insertion sites
were sutured closed.

Hemorrhage experiment. Blood pressure, heart rate, and CVP were
recorded continuously during the experiment. Baseline values were
monitored for 20 min prior to a stepwise hemorrhage of 25% blood
volume calculated based on measurements of blood volume in a different
group of baboons. The four steps of hemorrhage represented 6.25%,
12.5%, 18.75%, and 25% blood volume. Blood was removed by reversed
infusion pump (50 ml/min) via the femoral artery, and each hemorrhage
step was held for 7 min. Shed blood was collected into sterile citrate
phosphate dextrose blood donation bags. Systolic arterial pressure was
monitored closely during the hemorrhage procedure, and a value lower
than 70 mmHg was considered an indicator of impending cardiovascular
collapse. As an a priori protocol termination criterion, the hemorrhage
procedure was stopped prematurely if this systolic arterial pressure
threshold was attained prior to 25% blood loss. After the last step of
hemorrhage, shed blood was replaced by infusion pump (50 ml/min)
via the femoral vein. Hemodynamic variables were allowed to stabi-
lize for 20 min prior to removing the catheters. Upon recovering from
sedation, the animals were returned to their home cages and monitored
for the resumption of normal feeding and drinking behavior.

Lower body negative pressure experiment (LBNP). Four weeks
after the hemorrhage experiment, the baboons were again sedated and
instrumented with axillary artery and vein catheters and ECG leads.
The animals were placed supine in an airtight LBNP chamber sealed
at the level of the iliac crest by a neoprene skirt. Blood pressure, heart
rate, and CVP were recorded continuously during the experiment.
Baseline values were monitored for 20 min prior to a stepwise LBNP
procedure that was designed to match pulse pressure and CVP during the
animal’s previous hemorrhage study. At the end of the procedure, the
negative pressure was released, and hemodynamic variables were al-
lowed to stabilize for 20 min. Catheters were removed, and the animals
were allowed to recover from the effects of sedation before returning to
their home cages.

Hematologic, blood gas, and chemical analyses. Bloods samples
were collected from all animals (n � 14). However, due to technical
difficulties during collection and processing of samples from 2 ani-

mals, blood analysis was conducted in 12 animals. Hemoglobin (Hgb)
and hematocrit (Hct) were measured in EDTA venous blood samples
(2 ml) at baseline and maximum (MAX) hemorrhage and LBNP time
points with a hematology analyzer (Beckman Coulter, Brea CA).
Venous blood (2 ml) collected in heparin at the same time points
underwent blood gas analysis to determine pH, the partial pressure of
oxygen (PO2) and carbon dioxide (PCO2), bicarbonate (HCO3), base
excess (BE), lactate, and central venous oxygen saturation (ScvO2;
CG4�iSTAT system, Abbott Point of Care). Blood chemistry anal-
ysis was conducted on additional venous blood samples (2 ml) for
measurement of blood urea nitrogen (BUN), glucose, and sodium
(Chem8 iStat System, Abbott Point of Care). Osmolarity (OSM) was
calculated from the measured sodium (Na), glucose, and BUN param-
eters using the formula: OSM � (1.86·Na�) � (glucose/18) �
(BUN/2.8). Samples were processed immediately upon collection.

Plasma renin activity, vasopressin, and catecholamine assays.
Venous blood samples (n � 12, 6 ml/sample) were analyzed at
baseline and MAX hemorrhage and LBNP time points. Blood samples
were collected in EDTA tubes with reduced glutathione to minimize
catecholamine oxidative degradation. The samples were immediately
placed on wet ice and centrifuged at 4°C. Plasma samples were stored
at �80°C until they were assayed.

Plasma renin activity (PRA) was calculated from the measurement
of angiotensin I by radioimmunoassay [GammaCoat Plasma Renin
Activity (CA-1553), DiaSorin]. The standard curve was fitted with a
four-parameter logistic by nonlinear regression analysis (Sigmaplot)
for the calculation of plasma angiotensin I concentration in hot (37°C)
and cold (4°C) incubated aliquots of plasma. The radioimmunoassay
results were used to calculate PRA (ng of angiotensin I generated per
hour of incubation).

Plasma arginine vasopressin (AVP) was measured by radioimmu-
noassay after extraction using C18 cartridges [Ultrasensitive-ADH/
AVP (RK-AR1), ALPCO Immunoassays]. The AVP standard curve
was fitted with a four-parameter logistic by nonlinear regression
analysis (Sigmaplot) for the calculation of plasma AVP concentration.

Plasma NE and EPI concentrations were measured by ELISA [BA
E-5400 2-CAT (EPI/NE) Research ELISA, Rocky Mountain Diag-
nostics]. The ELISA measurements were made on a Thermo Labsys-
tems plate reader (iEMS Reader MF). The NE and EPI standard
curves were fitted with a four-parameter logistic by nonlinear regres-
sion analysis (Sigmaplot) for the calculation of plasma NE and EPI
concentrations.

Data analysis. Continuous ECG, CVP, and arterial blood pressure
waveform recordings were sampled at 500 Hz using LabView data-
acquisition software during hemorrhage and LBNP experiments. He-
modynamic variables were analyzed during the last 3 min of each
hemorrhage and LBNP step using a commercially available software
program (WinCPRS, Absolute Aliens, Turku, Finland). Beat-to-beat
stroke volume (SV) was derived from the arterial pressure waveform
using the pulse contour method (32). Cardiac output was calculated as
the product of SV and heart rate. Statistical analysis was conducted
with commercially available software (SigmaStat; Systat Software).
Vascular resistance was calculated as (diastolic pressure � 1/3 pulse
pressure)/(SV � heart rate). Cardiac function was assessed from the
arterial pressure waveform as the rate of change of pressure by units
of time (the slope of the arterial pressure waveform, �dP/dt) (55).
Two-way repeated-measures ANOVA was used to determine signif-
icant (P � 0.05) time effects during hypovolemia with hemorrhage or
LBNP, and group effects (hemorrhage vs. LBNP) in hemodynamic
responses. Data are expressed as means � SD.

RESULTS

Hemorrhage volumes. Blood volume in a separate group of
male baboons (n � 9) weighing 25.8 � 2.7 kg was calculated
to be 71 � 8 ml/kg. Based on this measurement, hemorrhage
volumes were determined in baboons that were used for hem-
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orrhage and LBNP experiments (n � 14, 30.6 � 2.9 kg body
wt). Blood loss volumes at 6.25%, 12.5%, 18.75% and 25%
hemorrhage are shown in Table 1. All animals (n � 14) were
hemorrhaged to a loss of 18.75% blood volume. However, the
hemorrhage and matching LBNP procedures were terminated
at this level of blood loss in two baboons who met the
termination criterion prior to the last step of hemorrhage. The
remaining 12 animals completed 23–25% (24.5 � 0.8%) blood
volume loss and matching LBNP.

Cardiovascular responses. Stepwise hemorrhage caused
progressive decreases in CVP and pulse pressure (Fig. 1).
Since CVP and pulse pressure were the matching variables
which determined the levels of LBNP, the similarity in re-
sponses demonstrates the accuracy by which CVP and pulse
pressure values were matched to hemorrhage during the LBNP
experiment. Other hemodynamic responses to hemorrhage and
LBNP are shown in Fig. 2. Average systolic arterial pressure,
heart rate, SV, and cardiac output, vascular resistance, and
�dP/dt at baseline and during hemorrhage were not statisti-
cally distinguishable from those responses recorded during
LBNP. All hemodynamic parameters, except vascular resis-
tance, changed significantly during hemorrhage or LBNP. The
levels of LBNP which corresponded with the four hemorrhage
levels are shown in Table 1 and Fig. 2.

Pulse contour estimates of change in SV are more accurate
than pulse contour estimates of absolute values of SV (32).
Figure 3 shows the linear relationship between the percent
change in SV from baseline during hemorrhage (slope � 2.1)
and LBNP (slope �2.2). This relationship revealed that 25%

hemorrhage and the corresponding LBNP level resulted in a
50% and 53% reduction in SV, respectively.

Hematologic responses. MAX hemorrhage caused Hgb, Hct,
and ScvO2 to decline from baseline levels (P � 0.001). In
contrast, MAX LBNP caused an increase in Hct and Hgb (P �
0.001), and did not affect ScvO2 (Fig. 4, A, B, and F). MAX
hemorrhage and LBNP had no effect on HCO3, BE, and lactate
(Fig. 4, C–E).

Other indexes of metabolic function and electrolyte balance
are shown in Table 2. No differences were noted between
hemorrhage and LBNP. Statistical changes from baseline in
pH, PO2, PCO2, BUN, and glucose were observed after both
MAX hemorrhage and MAX LBNP.

Vasoactive hormone responses. At baseline, PRA, AVP,
NE, and EPI were not different between hemorrhage and
LBNP experiments (Fig. 5, A–D). MAX hemorrhage caused
increases in PRA, AVP, NE, and EPI compared with baseline
(P � 0.01). MAX LBNP elicited significant increases in PRA
and EPI (P � 0.01), but not in AVP and NE.

DISCUSSION

The goal of the present study was to test the hypothesis that
progressive hemorrhage and LBNP would elicit similar hemody-
namic, neurohumoral, and metabolic responses when matched for
CVP and pulse pressure. An experimental protocol designed to
elicit similar hemodynamic responses at every step of LBNP and
hemorrhage would be required to test this hypothesis. Since
blood pressure changes minimally (7), and heart rate increases
with significant variability (48) during the early stages of
hemorrhage and LBNP, we dismissed these as potential match-
ing variables. However, previous studies of CVP and pulse
pressure during hemorrhage and LBNP revealed that these
variables changed early and linearly during both procedures
(20, 25, 59). CVP in humans has been shown to decrease
linearly during blood loss to 450 ml (41, 44), and LBNP to
�30 mmHg (26, 40, 59), but linear changes were not observed
with greater levels of LBNP (59). On the other hand, pulse
pressure correlated with stroke volume in humans during blood
loss of 375 ml (33), and during LBNP to �60 mmHg (8, 13),
but the linear relationship between pulse pressure and stroke
volume was highly variable in individual subjects (13). Since

Table 1. Blood volume loss and matching LBNP levels

n � 14 n � 14 n � 14 n � 12

BV, % 6.25 12.5 18.75 24.5 � 0.8
BV, ml 136 � 13 271 � 26 408 � 39 529 � 58
BV, ml/kg 4.5 � 0.1 9.1 � 0.2 13.6 � 0.4 17.8 � 0.6
LBNP, mmHg �22 � 6 �41 � 7 �54 � 10 �71 � 7

Data are means � SD. Blood volume (BV) loss values are represented as
percent, absolute, and relative measurements. Lower body negative pressure
(LBNP) levels that matched the BV loss are shown for each level of hemor-
rhage.

Fig. 1. Central venous pressure (A) and pulse pressure (B) during baseline and 4 steps of hemorrhage (�) and lower body negative pressure (LBNP; Œ)
corresponding to 6.25% (n � 14), 12.5% (n � 14), 18.75% (n � 14), and 25% (n � 12) total blood volume loss. Data are expressed as means � SD. Two-factor
repeated-measures ANOVA table P values are shown.
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both CVP and pulse pressure changed early and linearly, and
both have limitations as predictors of blood volume, we used
both CVP and pulse pressure to match LBNP levels to hem-
orrhage steps in the same animal.

Heart and circulation. The current study revealed similar
hemodynamic responses during both challenges of reduced
central blood volume. While estimates of absolute levels of SV
and cardiac output using the pulse contour method may be
limited in accuracy resulting in higher cardiac output values
than previously reported in baboons (36), our experimental
design supports the notion that SV and cardiac output are

identical between hemorrhage and LBNP experiments. In ad-
dition, responses in blood pressure, heart rate, SV, cardiac
output, and �dP/dt were consistent with hemodynamic re-
sponses in other hemorrhage (2–3, 17, 29, 53) and LBNP
studies (12, 31, 59). Interestingly, vascular resistance was
stable during hemorrhage and LBNP in the present study,
contrary to the increase in vascular resistance previously ob-
served during hypovolemia (7, 9, 35, 53). Since studies in
nonhuman primates sedated with only ketamine demonstrated
increases in vascular resistance in response to LBNP (31), we
speculate that the lack of a vasoconstrictor response may be

Fig. 2. Systolic blood pressure (A), heart rate (B), stroke volume (C), cardiac output (D), vascular resistance (E), and �dP/dt (F) during baseline and 4 steps of
hemorrhage (�) and LBNP (Œ) corresponding to 6.25% (n � 14), 12.5% (n � 14), 18.75% (n � 14) and 25% (n � 12) total blood volume loss. Data are expressed
as means � SD. Two-factor repeated-measures ANOVA table P values are shown.
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associated with the presence of valium used in this protocol to
offset the stimulant effects of ketamine (28). Our experimental
protocol of four equal progressive steps of relative total blood
loss provided a unique opportunity to identify a linear relation-
ship between total blood loss and SV (Fig. 3). Quantitatively,
the results demonstrated a 2% reduction in SV for every 1%
loss of total blood volume and reveals that 25% hemorrhage

and corresponding LBNP level result in a 50% reduction in
SV. Based on this stimulus-response relationship, the percent
reduction in SV during hemorrhage can be estimated as twice
the percent of blood loss. Therefore, it is not surprising that
irreversible shock can occur with hemorrhage that results in

Fig. 3. Stroke volume expressed as percent change from baseline during 4 steps of
hemorrhage (�) and LBNP (Œ) corresponding to 6.25% (n � 14), 12.5% (n � 14),
18.75% (n � 14) and 25% (n � 12) total blood volume loss. Data are expressed
as means � SD.

Fig. 4. Hemoglobin (Hgb, A), hematocrit (Hct, B), bicarbonate (HCO3, C), base excess (BE, D), lactate (E), and central venous oxygen saturation (ScvO2, F)
are shown at baseline of hemorrhage (�, solid lines) and LBNP (Œ, dashed lines) and at the maximum level of hemorrhage and matching LBNP (MAX). Values
are means � SD; n � 12. *Difference from baseline (P � 0.01). †Difference between hemorrhage and LBNP (P � 0.01).

Table 2. Metabolic responses to Hemorrhage and LBNP

Variable Study BL MAX

pH Hem 7.27 � 0.02 7.25 � 0.03*
LBNP 7.27 � 0.04 7.25 � 0.05*

PO2, mmHg Hem 55.0 � 7.0 35.9 � 7.0*
LBNP 53.8 � 6.6 50.4 � 9.2*

PCO2, mmHg Hem 74.2 � 4.0 79.0 � 6.9*
LBNP 75.3 � 9.3 77.5 � 9.1*

Na, mmol/l Hem 146 � 1 145 � 2
LBNP 147 � 4 146 � 3

Osm, osm/l Hem 278 � 2 279 � 3
LBNP 281 � 7 281 � 4

BUN, mg/dl Hem 9.3 � 2.3 10.5 � 2.8*
LBNP 10.3 � 3.0 11.8 � 3.2*

Glucose, mg/dl Hem 67.6 � 12.4 88.2 � 25.1*
LBNP 64.4 � 7.08 80.0 � 23.1*

Values are means � SD; n � 12. Blood values of pH, oxygen partial
pressure (PO2), carbon dioxide partial pressure (PCO2), sodium (Na), osmolarity
(Osm), blood urea nitrogen (BUN), and glucose during hemorrhage (Hem) and
LBNP at baseline (BL) and point of maximum Hem or LBNP (MAX) are
shown. *Difference from baseline (P � 0.01). There were no differences
between Hem and LBNP.
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�40% total blood loss (1) since this would translate to a
reduction of �80% in SV.

Metabolic indexes of tissue dysoxia. A significant observa-
tion in this study was that hemorrhage and LBNP had opposite
effects on Hgb and Hct (Fig. 4). Hemorrhage resulted in
decreased Hgb and Hct, whereas LBNP produced a rise in both
values. Decreases in Hgb and Hct during unresuscitated hem-
orrhage are well studied and are consistent with hemodilution
resulting from the transfer of fluid from the extravascular to the
intravascular compartment to compensate for blood volume loss
(3, 30, 37). Increases in Hgb and Hct during LBNP have also been
previously reported (14, 49, 63), and this difference from that
observed with hemorrhage reflects the physiological mechanisms
producing central hypovolemia. During LBNP, intravascular
fluid shifts to the interstitial spaces of the lower extremities as
a result of the pressure gradient and causes significant reduc-
tions in circulating plasma volume and observed tissue edema
(60). Cellular components such as red blood cells are too large
to traverse intact vessel walls, and the end result is an effective
hemoconcentration due to the increased ratio of red cell mass
to plasma within the intravascular space. Conversely, hemor-
rhage results in actual removal of red blood cell mass and
possibly in compensatory autoresuscitation by movement of
interstitial fluid back into the intravascular space in response to
central hypovolemia.

Venous pH, HCO3, BE, and lactate values did not differ
between LBNP and hemorrhage, despite the differences ob-
served with Hgb and Hct. Other investigators have reported
onset of metabolic acidosis in more severe hemorrhage models
(37, 54), but our findings indicate that hemorrhage to as much

as 25% blood loss over the time course used in this study did
not elicit this response. Similarly, previous reports of LBNP in
humans found minimal changes in pH, lactate, and BE (63).
Interestingly, we observed a difference in ScvO2 at the MAX
time point between the two studies with hemorrhage causing a
significantly lower ScvO2 than LBNP (55 � 12% vs. 76 � 7%,
P � 0.001). We hypothesize that a lower ScvO2 during
hemorrhage can be explained by a reduced oxygen-carrying
capacity or delivery (DO2) due to less circulating Hgb (19),
and may be responsible for the subtle divergence in vascular
resistance during hemorrhage and LBNP (Fig. 2E). The con-
tribution of Hgb to DO2 in our hemorrhage model can be
quantitatively assessed by calculating DO2 � [1.39 � Hgb �
SaO2 � (0.003 � PaO2)] � Q. Perhaps this highlights one
subtle difference between hemorrhage and LBNP. The de-
crease in Hgb observed during hemorrhage may result in
enough of a decrease in DO2 to affect ScvO2, but not enough
to affect the global imbalance of the by-products of anaerobic
metabolism to demonstrate a difference in BE or lactate.

Chemical analyte levels were similar between hemorrhage
and LBNP (Table 2), and changes from baseline were observed
in pH, PO2, PCO2, BUN, and glucose. Changes in these mea-
sures were minimal and likely to be clinically unimportant.
However, it should be appreciated that significant changes in
metabolites at the tissue level that reflect the onset of overt
tissue dysoxia may not be reflected by measurements in the
blood (63).

Neurohumoral activation. In our study, we evaluated the
responses of PRA, AVP, NE, and EPI because of their vaso-
constrictor actions during hemorrhage and LBNP. The re-

Fig. 5. Plasma renin activity (A), vasopressin
(B), norepinephrine (C), and epinephrine (D)
are shown at baseline of hemorrhage (�,
solid lines) and matching LBNP (Œ, dashed
lines), and at the maximum level of hemor-
rhage and matching LBNP (MAX). Values
are means � SD; n � 12. *Difference from
baseline (P � 0.01). †Difference between
hemorrhage and LBNP (P � 0.01).
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sponses in PRA and EPI were similar during hemorrhage and
LBNP. The increases in PRA were consistent with previously
reported activation of the renin-angiotensin-aldosterone system
in response to hemorrhage (17, 52, 62) and LBNP (10, 49).
Similarly, an increase in circulating EPI has been reported
during hemorrhage (29, 38) and LBNP (14, 16, 22, 35) and is
attributed to the selective activation of adrenal sympathetic
nerves during the hypotensive stage of hypovolemia (61).

In contrast, AVP and NE levels increased during hemor-
rhage, but not during LBNP. While the increases in plasma
AVP and NE levels during hemorrhage were similar to other
studies (3, 29, 38, 58, 62), the lack of response during LBNP
was unexpected considering previous reports from LBNP stud-
ies in humans. LBNP is associated with increases in plasma
AVP levels, but the magnitude of AVP responses is variable.
This variability in AVP response has been associated with the
presence of presyncopal symptoms or the ability to tolerate
high levels of LBNP (4, 10, 21). LBNP in humans has consis-
tently resulted in activation of muscle sympathetic nerve ac-
tivity (11, 27, 61, 64) and increases in circulating levels of NE
(10, 14, 16, 22, 35). As such, the absence of a NE response in
the present experiment appears to be protocol specific rather
than the response generally reported.

We acknowledge that the comparison of our results to other
studies is complicated by factors associated with species dif-
ferences, methodological differences, and the effects of seda-
tion and surgical procedures on baseline levels of PRA, AVP,
NE, and EPI. However, it is unlikely that these factors are
responsible for different responses between hemorrhage and
LBNP since the conditions were similar during both hemor-
rhage and LBNP in our studies. Therefore, the lack of signif-
icant increases in AVP and NE during LBNP compared with
hemorrhage indicates that hemorrhage was a stronger stimulus
for AVP and NE release than LBNP in the present protocol,
and suggests differences in the regulation of AVP and NE
activation between the two forms of central hypovolemia
induced in this study. We suspect that this difference may be
associated with the proposed decrease in tissue oxygen deliv-
ery linked to the decrease in Hgb, Hct, and ScvO2 during

hemorrhage which was not observed during LBNP. Both
LBNP and hemorrhage caused decreased perfusion, similar
hemodynamic effects, and an increase of the stress response as
exhibited by increases in PRA and EPI compared with base-
line. However, the greater hypoxic stress may provide an added
stimulus to activate AVP and NE during hemorrhage compared
with LBNP. This speculation is supported by studies showing
that acute hypoxia can increase AVP levels (18, 23, 46),
muscle sympathetic nerve activity (34, 42, 56), and NE release
at the neurovascular junction (34). Furthermore, a study by
Raff et al. (43) reported an augmented increase in plasma AVP
to hemorrhage during acute hypoxia compared with normoxic
conditions.

Human blood loss equivalents of LBNP. Clearly, we have
demonstrated that hemorrhage and LBNP elicit similar hemo-
dynamic responses in nonhuman primates, but how do these
responses compare to LBNP responses we have previously
reported in humans? A direct comparison between baboon and
human responses may be limited by the fact that the baboons
were sedated with ketamine and valium, and humans were
conscious. However, studies of the cardiovascular effects of
ketamine and valium in humans indicate that sedation did not
affect blood pressure, heart rate, and respiration (28, 39). Our
data in baboons also reflect the lack of cardiovascular effects of
ketamine and valium as all hemodynamic variables at baseline
were within normal ranges. In addition, the tachycardia we
observed during hypovolemia in the baboons indicated that the
cardiac baroreflex was not abolished by sedation. Vascular
resistance was the only hemodynamic variable that may have
been affected by valium sedation in our study. In light of the
minimal cardiovascular effects of sedation, we attempted to
translate the baboon stroke volume responses to those of
humans. We retrospectively analyzed the relative (percent)
reduction in stroke volume during progressive LBNP from
baseline to �70 mmHg extracted from our database of 117
human subjects and compared the human response to that of
the baboons (Fig. 6). These comparisons demonstrate a striking
similarity between humans and baboons in the responses to
hemorrhage and LBNP even though the rate of hemorrhage and
LBNP application was slower in baboons (7 min/step) than in
humans (5 min/step). Further, the translation of the human
LBNP response to hemorrhage is supported by comparisons of

Fig. 6. Stroke volume expressed as percent change from baseline during 4 steps
of hemorrhage in baboons (expressed as ml/kg, �), the corresponding levels of
LBNP in baboons (Œ), and during previous LBNP experiments in humans (o,
n � 117). Data are expressed as means � SD.

Fig. 7. Estimates of blood loss in humans (o, ml) corresponding to various
levels of LBNP calculated from the results from the current study in baboons
(ml/kg, �). Data are expressed as means � SD.
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calculated blood volumes. The bleed applied to the baboons
resulted in an average 18 ml/kg total blood volume reduction.
Since the total blood volume of average fit human males is
	75 ml/kg (6), the translation of our results to humans is
supported by the extrapolation of an 18 ml/kg blood loss
representing 	24% loss of total circulating blood compared
with the 25% bleed used in our baboon experiment.

Another similarity of our results in baboons to those ob-
served in humans is tolerance to hypovolemia. We have ob-
served that approximately one-third of subjects exposed to
LBNP have a low tolerance to hypovolemia which is defined as
the inability to complete �60 mmHg LBNP (10). In the current
study, two baboons attained the termination criterion at the
third step of hemorrhage (18.75% blood loss). Their limited
compensatory response to blood loss was also observed when
these animals were subsequently exposed to LBNP and the
protocol was terminated at �50 mmHg in one animal and �55
mmHg in the other animal. This observation provides further
support that the compensatory responses to LBNP reflect those
observed during hemorrhage and that baboons are similar to
humans in these responses.

Despite the extensive use of LBNP as an experimental
model of hemorrhage, the magnitude of blood loss that equates
to the magnitude of LBNP has not been adequately compared
in the human subjects. Two studies have compared the hemo-
dynamic responses to 450 ml blood donation to those observed
during low levels of LBNP. Comparisons in the same subjects
revealed that 450 ml blood loss was equivalent to �10 mmHg
LBNP (44), while comparisons in separate groups of subjects
showed that 450 ml blood loss was equivalent to �20 mmHg
LBNP (24). Cooke et al. (12) estimated ranges of blood loss
volumes for several ranges of LBNP levels by using cross-
sectional comparisons of physiological responses acquired
over 40 years from LBNP studies to responses observed during
actual hemorrhage studies in animals and humans. They pre-
dicted that the responses to mild hemorrhage (	10% total
blood volume), moderate hemorrhage (10–20% total blood
volume) and more severe hemorrhage (greater than 20% blood
volume loss) would be similar to �10 to �20, �20 to �40,
and greater than �40 mmHg LBNP, respectively. Most re-
cently, Summers et al. (57) used a computational model of
human physiology and simulated a LBNP procedure on a
virtual subject (70 kg) to predict the amount of blood displaced
by LBNP. In this virtual environment, LBNP of �15, �30, and
�60 mmHg displaced 486, 664, and 938 ml of blood.

Using the relative blood loss volumes (ml/kg) calculated
from the current investigation, we determined the absolute
blood volume loss in a 70 kg human which equate to the levels
of LBNP observed in our baboons (Fig. 7). The linear rela-
tionship between LBNP and blood loss provides a metric to
estimate the magnitude of blood loss over a broad range of
LBNP. Based on this metric, �30, �60, and �90 mmHg
LBNP is equivalent to 450, 1,000, and 1,600 ml blood loss in
a human with 70 kg body wt. This comparison represents the
first time that a wide range of LBNP pressures can be translated
to hemorrhage volume in humans. Overall, this study provides
valuable insight into the similarities and differences between
experimental hemorrhage and LBNP and suggests that actual
loss of blood cells during hemorrhage may result in greater
activation of some compensatory mechanisms compared with
LBNP. Interestingly, and most importantly, these differences

did not affect the integrated hemodynamic profile of hemor-
rhage and LBNP. Therefore, this study provides three signifi-
cantly novel results. First, the hemodynamic responses to
hemorrhage and LBNP in nonhuman primates are equivalent
such that progressive increases in LBNP to as much as �70
mmHg can be used to define the hemodynamic response to
hemorrhage up to 25% loss of total blood volume. Second, a
linear relationship between SV and blood loss demonstrates a
2% reduction in SV for every 1% loss of total blood volume.
Third, the hemodynamic responses to LBNP are similar in
baboons and humans, which allows for a metric to predict the
magnitude of blood loss during progressive LBNP in humans.
Overall, this study provides compelling inferential support of
the validity of LBNP as a physiological simulation of hemor-
rhage in humans.

ACKNOWLEDGMENTS

We thank the following individuals for their contribution in making this
study a success: Dr. P. Frost, M. Washington, M. Aguilar, and W. Hodgson at
Texas Biomedical Research Institute for providing medical supervision and
support during the experiments; and D. Prince at US Army Institute of Surgical
Research for advice and assistance in developing the hemorrhage procedure in
baboons. We also thank C. Fedyk, A. Mora, and K. Valdez at US Army
Institute of Surgical Research and M. Forey at Texas Biomedical Research
Institute for assistance in the analysis of blood samples.

The opinions or assertions contained herein are the private views of the
authors, and are not to be construed as official or as reflecting the views of the
Department of the Army or the Department of Defense.

GRANTS

This study was funded by the United States Army, Medical Research and
Materiel Command.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: C.H.-L., R.E.S., G.W.M., C.B., H.F.P., A.P.C., and
V.A.C. conception and design of research; C.H.-L., R.E.S., G.W.M., C.B.,
H.F.P., and V.A.C. performed experiments; C.H.-L., R.E.S., K.A.G., H.F.P.,
and V.A.C. analyzed data; C.H.-L., R.E.S., G.W.M., C.B., K.A.G., H.F.P.,
K.K.C., A.P.C., and V.A.C. interpreted results of experiments; C.H.-L. pre-
pared figures; C.H.-L. drafted manuscript; C.H.-L., K.A.G., H.F.P., K.K.C.,
A.P.C., and V.A.C. edited and revised manuscript; C.H.-L., R.E.S., G.W.M.,
C.B., K.A.G., H.F.P., K.K.C., A.P.C., and V.A.C. approved final version of
manuscript.

REFERENCES

1. American College of Surgeons Committee on Trauma. Shock. In:
Advanced Trauma Life Support for Doctors, Student Course Manual.
Chicago, IL: 2004.

2. Alyono D, Ring WS, Chao RY, Alyono MM, Crumbley AJ, Larson
EV, Anderson RW. Characteristics of ventricular function in severe
hemorrhagic shock. Surgery 94: 250–258, 1983.

3. Arnauld E, Czernichow P, Fumoux F, Vincent JD. The effects of
hypotension and hypovolaemia on the liberation of vasopressin during
hemorrhage in the unanesthetized monkey (Macaca mulatta). Pflügers
Arch 371: 193–200, 1977.

4. Baylis PH, Sockley RA, Heath DA. Influence of lower body negative
pressure upon arginine vasopressin release. Clin Endocrinol 9: 89–94,
1978.

5. Bellamy RF. The causes of death in conventional land warfare: implica-
tions for combat casualty care research. Mil Med 149: 55–62, 1984.

6. Convertino V. Blood volume: its adaptation to endurance training. Med
Sci Sports Exerc 23: 1338–1348, 1991.

7. Convertino VA. Lower body negative pressure as a tool for research in
aerospace physiology and military medicine. J Grav Physiol 8: 1–14,
2001.

413Responses to Hypovolemia in Hemorrhage and LBNP • Hinojosa-Laborde C et al.

J Appl Physiol • doi:10.1152/japplphysiol.00640.2013 • www.jappl.org

on D
ecem

ber 24, 2014
D

ow
nloaded from

 



8. Convertino VA, Cooke WH, Holcomb JB. Arterial pulse pressure and its
association with reduced stroke volume during progressive central hypo-
volemia. J Trauma 61: 629–634, 2006.

9. Convertino VA, Rickards CA, Ryan KL. Autonomic mechanisms as-
sociated with heart rate and vasoconstrictor reserves. Clin Auton Res 22:
123–130, 2012.

10. Convertino VA, Sather TM. Vasoactive neuroendocrine responses asso-
ciated with tolerance to lower body negative pressure in humans. Clin
Physiol 20: 177–184, 2000.

11. Cooke WH, Rickards CA, Ryan KL, Kuusela TA, Convertino VA.
Muscle sympathetic nerve activity during intense lower body negative
pressure to presyncope in humans. J Physiol 587: 4987–4999, 2009.

12. Cooke WH, Ryan KL, Convertino VA. Lower body negative pressure as
a model to study progression to acute hemorrhagic shock in humans. J
Appl Physiol 96: 1249–1261, 2004.

13. Cote AT, Phillips AA, Bredin SSD, Warburton DER. A questionable
association of stroke volume and arterial pulse pressure under gravitational
stress. J Trauma 72: 708–712, 2011.

14. Cvirn G, Schlagenhauf A, Leschnik B, Koestenberger M, Roessler A,
Jantscher A, Vrecko K, Juergens G, Hinghofer-Szalkay H, Goswami
N. Coagulation changes during presyncope and recovery. PLoS ONE 7:
2012.

15. Eastridge BJ, Hardin M, Cantrell J, Oetjen-Gerdes L, Zubko T,
Mallak C, Wade C, Simmons J, Mace J, Mabry R, Bolenbaucher R,
Blackbourne L. Died of wounds on the battlefield: causation and impli-
cations for improving combat casualty care. J Trauma 71: S4–S8, 2011.

16. Engelke KA, Doerr DF, Crandall CG, Convertino VA. Application of
acute maximal exercise to protect orthostatic tolerance after simulated
microgravity. Am J Physiol Regul Integr Comp Physiol 271: R837–R847,
1996.

17. Fejes-Toth G, Brinck-Johnsen T, Naray-Fejes-Toth A. Cardiovascular
and hormonal response to hemorrhage in conscious rats. Am J Physiol
Heart Circ Physiol 254: H947–H953, 1988.

18. Forsling ML, Ullmann E. Release of vasopressin during hypoxia. J
Physiol 241: 35P–36P, 1974.

19. Gattinoni L, Carlesso E. Supporting hemodynamics: what should we
target? What treatments should we use? Crit Care 17: S4, 2013.

20. Gauer O, Henry P, Sieker H. Changes in central venous pressure after
moderate hemorrhage and transfusion in man. Circ Res 4: 79–84, 1956.

21. Goldsmith SR, Franicis GS, Cowley AW, Cohn JN. Response of
vasopressin and norepinephrine to lower body negative pressure in hu-
mans. Am J Physiol Heart Circ Physiol 243: H970–H973, 1982.

22. Grasser EK, Goswami N, Rossler A, Vrecko K, Hinghofer-Szalkay H.
Hemodynamic and neurohumoral responses to extreme orthostatic stress
in physically fit young adults. Acta Astronautica 64: 688–696, 2009.

23. Griffen SC, Raff H. Vasopressin responses to hypoxia in conscious rats:
interaction with water restriction. J Endocrinol 125: 61–66, 1990.

24. Hanson JM, Van Hoeyweghen R, Kirkman E, Thomas A, Horan MA.
Use of stroke distance in the early detection of simulated blood loss. J
Trauma 44: 128–134, 1998.

25. Henry J, Gauer O, Sieker H. The effect of moderate changes in blood
volume on left and right atrial pressures. Circ Res 4: 1956.

26. Hirsch AT, Levenson DJ, Cutler SS, Dzau VJ, Creager MA. Regional
vascular responses to prolonged lower body negative pressure in normal
subjects. Am J Physiol Heart Circ Physiol 257: H219–H225, 1989.

27. Ichinose M, Saito M, Fujii N, Kondo N, Nishiyasu T. Modulation of the
control of muscle sympathetic nerve activity during severe orthostatic
stress. J Physiol 576: 947–958, 2006.

28. Jackson APF, Dhadphale PR, Callaghan ML, Alseri S. Haemodynamic
studies during induction of anesthesia for open-heart surgery using diaz-
epam and ketamine. Br J Anesthesiol 50: 375–378, 1978.

29. Jacobsen J, Sofelt S, Sheikh S, Warberg J, Secher NH. Cardiovascular
and endocrine responses to haemorrhage in the pig. Acta Physiol Scand
138: 167–173, 1990.

30. Kashimoto S, Doursout MF, Hartley C, Chelly JE. Effects of thiopental
and ketamine on cardiac function during moderate hemorrhage in chron-
ically instrumented rats. J Cardiovasc Pharmacol 21: 829–833, 1993.

31. Koenig SC, Convertino VA, Fanton JW, Reister CA, Gaffney FA,
Ludwig DA, Krotov VP, Trambovetsky EV, Latham RD. Evidence for
increased cardiac compliance during exposure to simulated microgravity.
Am J Physiol Regul Integr Comp Physiol 275: R1343–R1352, 1998.

32. Kuusela TA, Jartti TT, Tahvanainen KUO, Kaila TJ. Effects of
terbutaline on peripheral vascular resistance and arterial compliance. J
Cardiovasc Pharmacol 44: 74–81, 2004.

33. Leonetti P, Audat F, Girard A, Laude D, Lefrere F, Elghozi JL. Stroke
volume monitored by modeling flow from finger arterial pressure waves
mirrors blood volume withdrawn by phlebotomy. Clin Auton Res 14:
176–181, 2004.

34. Leuenberger U, Gleeson K, Wroblewski K, Prophet S, Zelis R, Zwillicii
C, Sinoway L. Norepinephrine clearance is increased during acute hypoxia in
humans. Am J Physiol Heart Circ Physiol 261: H1659–H1664, 1991.

35. Lollgen H, Klein DE, Gebhardt U, Beier. Hemodynamic response to
LBNP following 2 hours of HDT (�6
). Aviat Space Environ Med 57:
406–412, 1986.

36. Maclean JM, Phippard AF, Thompson JF, Gillin AG, Horvath JS,
Duggin GG, Tiller DJ. Hemodynamics of conscious unrestrained ba-
boons, including cardiac output. J Appl Physiol 68: 2373–2379, 1990.

37. McDonough KH, Giaimo M, Quinn M, Miller H. Intrinsic myocardial
function in hemorrhagic shock. Shock 11: 205–210, 1999.

38. Morris M, Kapoor V, Chalmers J. Plasma neuropeptide Y concentration
is increased after hemorrhage in conscious rats: relative contributions of
sympathetic nerves and the adrenal medulla. J Cardiovasc Pharmacol 9:
541–545, 1987.

39. Morse Z, Sano K, Kanri T. Effects of a midazolam-ketamine admixture
in human volunteers. Anesth Prog 51: 76–79, 2004.

40. Norsk P, Bonde-Peterson F, Warberg J. Influence of central venous
pressure change on plasma vasopressin in humans. J Appl Physiol 61:
1352–1357, 1986.

41. Otto GH, Henry JP, Sieker HO. Changes in central venous pressure after
moderate hemorrhage and transfusion in man. Circ Res 4: 79–84, 1956.

42. Querido JS, Wehrwein EA, Hart EC, Charkoudian N, Henderson WR,
Sheel AW. Baroreflex control of muscle sympathetic nerve activity as a
mechanism for persistent sympathoexcitation following acute hypoxia in
humans. Am J Physiol Regul Integr Comp Physiol 301: R1779–R1785, 2011.

43. Raff H, Rossing MH, Doepker SK, Griffen SC, Jankowski BM.
Vasopressin response to haemorrhage in rats: effect of hypoxia and water
restriction. Clin Exp Pharmacol Physiol 18: 725–729, 1991.

44. Rea RF, Hamdan M, Clary MP, Randels MJ, Dayton PJ, Strauss RG.
Comparison of muscle sympathetic responses to hemorrhage and lower
body negative pressure in humans. J Appl Physiol 70: 1401–1405, 1991.

45. Rickards CA, Ryan KL, Cooke WH, Convertino VA. Tolerance to
central hypovolemia: the influence of oscillations in arterial pressure and
cerebral blood velocity. J Appl Physiol 111: 1048–1058, 2011.

46. Rose CE, Anderson RJ, Carey RM. Antidiuresis and vasopressin release
with hypoxemia and hypercapnia in conscious dogs. Am J Physiol Regul
Integr Comp Physiol 247: R127–R134, 1984.

47. Ryan KL, Rickards CA, Hinojosa-Laborde C, Cooke WH, Convertino
VA. Arterial pressure oscillations are not associated with muscle sympa-
thetic nerve activity in individuals exposed to central hypovolaemia. J
Physiol 589: 5311–5322, 2011.

48. Ryan KL, Rickards CA, Ludwig DA, Convertino VA. Tracking central
hypovolemia with ecg in humans: cautions for the use of heart period
variability in patient monitoring. Shock 33: 583–589, 2010.

49. Sander-Jensen K, Mehlsen J, Stadeager NJ, Fahrenkrug J, Schwartz
W, Warberg J, Bie P. Increase in vagal activity during hypotensive
lower-body negative pressure in humans. Am J Physiol Regul Integr Comp
Physiol 255: R149–R156, 1988.

50. Sauaia A, Moore FA, Moore EE, Moser KS, Brennan R, Read RA,
Pons PT. Epidemiology of trauma deaths: a reassessment. J Trauma 38:
185–193, 1995.

51. Saunders JP. Blood volume in the dog determined by Evans blue and
cyanide disappearance. Fed Proc 6: 196, 1947.

52. Schadt JC, Gaddis RR. Renin-angiotensin system and opioids during
acute hemorrhage in conscious rabbits. Am J Physiol Regul Integr Comp
Physiol 258: R543–R551, 1990.

53. Schadt JC, Ludbrook J. Hemodynamic and neurohumoral responses to
acute hypovolemia in conscious mammals. Am J Physiol Heart Circ
Physiol 260: H305–H318, 1991.

54. Siegel HW, Downing SE. Contributions of coronary perfusion pressure,
metabolic acidosis, and adrenergic factors to the reduction of myocardial
contractility during hemorrhage shock in the cat. Circ Res 27: 875–889,
1970.

55. Starr I, Ogawa S. A clinical study of the first derivative of the brachial
pulse. Normal standards and abnormalities encountered in heart disease.
Am Heart J 65: 482–494, 1963.

56. Steinback CD, Salzer D, Medeiros PJ, Kowalchuk J, Shoemaker JK.
Hypercapnic vs. hypoxic control of cardiovascular, cardiovagal, and

414 Responses to Hypovolemia in Hemorrhage and LBNP • Hinojosa-Laborde C et al.

J Appl Physiol • doi:10.1152/japplphysiol.00640.2013 • www.jappl.org

on D
ecem

ber 24, 2014
D

ow
nloaded from

 



sympathetic function. Am J Physiol Regul Integr Comp Physiol 296:
R402–R410, 2009.

57. Summers RL, Ward KR, Witten T, Convertino VA, Ryan KL, Cole-
man TG, Hester RL. Validation of a computational platform for the
analysis of the physiologic mechanisms of a human experimental model of
hemorrhage. Resuscitation 80: 1405–1410, 2009.

58. Uyehara CFT, Sarkar J. Role of vasopressin in maintenance of potas-
sium homeostasis in severe hemorrhage. Am J Physiol Regul Integr Comp
Physiol 305: R101–R103, 2013.

59. van Hoeyweghen R, Hanson J, Stewart MJ, Dethune L, Davies I,
Little RA, Horan MA, Kirkman E. Cardiovascular response to graded
lower body negative pressure in young and elderly man. Exp Physiol 86:
427–435, 2001.

60. Vernikos J, Convertino VA. Altered baseline blood volume and norepi-
nephrine response to stress in man. In: Stress: Neuroendocrine and

Molecular Approaches, edited by Kvetnansky R, McCarthy R, Axelrod J.
New York: Gordon and Breach Scientific, 1992, p. 939–952.

61. Victor RG, Thoren P, Morgan DA, Mark AL. Differential control of
adrenal and renal sympathetic nerve activity during hemorrhagic hypoten-
sion in rats. Circ Res 64: 686–694, 1989.

62. Wang BC, Sundet WD, Hakumaki MO, Goets KL. Vasopressin and
renin responses to hemorrhage in conscious cardiac-denervated dogs. Am
J Physiol Heart Circ Physiol 245: H399–H405, 1983.

63. Ward KR, Tiba MH, Ryan KL, Filho IP, Rickards CA, Witten T,
Soller BR, Ludwig DA, Convertino VA. Oxygen transport characteriza-
tion of a human model of progressive hemorrhage. Resuscitation 81:
987–993, 2010.

64. Yang H, Cooke WH, Reed KS, Carter JR. Sex differences in hemody-
namic and sympathetic neural firing patterns during orthostatic challenge
in humans. J Appl Physiol 112: 1744–1751, 2012.

415Responses to Hypovolemia in Hemorrhage and LBNP • Hinojosa-Laborde C et al.

J Appl Physiol • doi:10.1152/japplphysiol.00640.2013 • www.jappl.org

on D
ecem

ber 24, 2014
D

ow
nloaded from

 




